The interactive relationship between the root-knot nematode Meloidogyne incognita and the root-rot fungus Macrophomina phaseolina in a root-rot disease complex of chickpea (Cicer arietinum var. avrodhi) was studied in a net house. The present study was carried out in such a manner so that the pathogenic potential of M. incognita and M. phaseolina individually, simultaneously and sequentially could be monitored. The pathogens singly as well as in combination led to signifi cant reduction in growth, yield, nutrient and biochemical parameters. Gaseous exchange parameters like photosynthetic rate, transpiration rate and stomatal conductance were also reduced following infection of plants by the pathogens. However, maximum reduction was noticed in simultaneous inoculation with both pathogens. Sequential inoculation, where M. incognita preceded M. phaseolina by 15 days, was more damaging to the crop in comparison to that where M. phaseolina preceded M. incognita inoculation by 15 days. Infection by M. phaseolina caused a considerable reduction in the number of galls, egg-masses and nematode multiplication, with the highest reduction observed in plants simultaneously inoculated with the pathogens. Those plants also showed the highest disease severity in terms of percent root-rot. Thus, a manifold action plan to reduce the impact of the root-rot disease complex on chickpea crops has to be formulated.
processor of chickpea in the world, the country also imports large amounts of this pulse annually in order to meet its ever-increasing consumption requirements.
Chickpea production in India has suffered in the last few years due to various constraints that include both biotic and abiotic stresses. Among these constraints, fungal and nematode attacks are considered as the major biotic factors causing significant yield losses in the crop. Meloidogyne incognita, one of the most damaging rootknot nematodes, causes signifi cant losses on chickpea. Parasitism by M. incognita is characterised by the formation of root galls and deformation of the vascular system of the plant due to formation of giant cells and transfer of nutrients to these cells for use by the nematodes (Palomares-Rius, 2011; Sum-Introduction Chickpea (Cicer arietinum L.) is the second most essential pulse crop after beans in the world both area wise (13.5 million ha) and production (13.1 million tons) (FAOSTAT, 2016) . India is the largest producer of chickpea in the world contributing about 63% of the total production. Chickpea generally known as "Chana"/ "Gram" or "Bengal Gram" and widely appreciated as healthy food, is an essential legume having a broad variety of potential nutritional advantages due to its chemical composition (Aliu et al., 2016) . In addition, it is important mainly for the developing countries, where people are mainly vegetarians and cannot aff ord the animal proteins for fulfi lling their nutritional requirements. Despite India being the largest producer and and tropical areas of the world, including India, where it is most commonly associated with chickpea (Srivastava et al., 2001; Kumar et al., 2007; Naseri et al., 2018) . Infection by M. phaseolina results in the formation of red to brown lesions on the roots and stems due to the presence of dark coloured mycelia and black microsclerotia. Eventually the plants become defoliated and wilted (Iqbal and Mukhtar, 2014) . Interactive association between M. incognita and M. phaseolina results in a root-rot disease complex on chickpea that causes more serious yield losses as compared to their individual action (Siddiqui and Husain, 1991; 1992) . A plethora of studies has been performed on interaction of nematode-fungus complex, yet there are limited reports on the interactive eff ects of M. incognita and M. phaseolina on chickpea.
Τhe present study was performed to monitor the interactive eff ect of M. incognita and M. phaseolina on chickpea taking into account diff erent times of inoculation with the two pathogens (individual, concomitant and sequential inoculation) and the associated alterations in growth, yield, physiology, nutrients, and pathogen-related parameters.
Materials and Methods

Preparation and sterilization of soil mixture
Sandy loam soil obtained from a fi eld of the Aligarh Muslim University (AMU), India, was sieved using a 10-mesh sieve. The soil was subsequently mixed with river sand and organic manure in the ratio of 3:1:1. Clay pots (15 cm in diameter) were fi lled with the soil mixture (1kg/pot). Small amount of water was added to each pot to wet the soil prior to the steam sterilization of the pots at 1.36 atm pressure for 30 minutes. The pot study was conducted in a net house of the Department of Botany, AMU, Aligarh (27 o .52'N latitude, 78 o .51'E longitude) during the winter season (October to January).
Growth and maintenance of test plants
The chickpea seeds (var. Avrodhi) were surface sterilized by dipping in 0.01% HgCl 2 for 2 min, followed by washing twice with distilled water. Prior to sowing, all seeds were treated with charcoal-based commercial culture of Rhizobium, chickpea strain. Five chickpea seeds were sown in each pot and the emerged seedlings were thinned to one seedling/pot. Watering of the pots was done as per requirement.
Inoculum preparation of root-knot nematode Meloidogyne incognita
Egg masses of M. incognita were handpicked using sterilized forceps from heavily infested roots of eggplant (Solanum melongena) on which pure culture of the nematode was maintained. The egg masses were rinsed with distilled water and placed in a coarse sieve (16 mesh size, 10 cm in diameter) covered with crossed double layers of tissue paper and placed in Petri plates containing water just deep enough to contact the egg masses. The Petri plates were incubated at 25 o C in the dark. After three days, most of the eggs hatched and the second stage juveniles (J 2 ) were collected by washing the Petri plates with distilled water.
The water containing hatched J 2 of M. incognita was thoroughly agitated for dispensing the nematodes homogenously in the suspension. The number of J 2 in the suspension was counted under the stereoscope. Five counts were made to calculate the average number of J 2 /mL in the suspension of each sample and the fi nal concentration was adjusted to 200±5 J 2 /mL. Each plant was inoculated with 10 mL of the suspension containing 2000 freshly hatched J 2 .
Mass culture of the root-rot fungus Macrophomina phaseolina
Macrophomina phaseolina inoculum was obtained from the roots of naturally infected chickpea plants collected from fi elds in Aligarh district. The fungal culture was purifi ed and maintained on Potato Dextrose Agar medium. Koch's postulates were applied to assure the pathogenicity of M. phaseolina on chickpea plants. Large amount of fungal inoculum (mycelium and spores) was obtained by mass culturing a M. phaseolina isolate in Richard's medium (Riker and Riker, 1936) for 15 days at 25°C. The mycelium and spores were subsequently placed on blotting sheets to remove excess water and nutrients. The fi nal inoculum consisting of a mixture of 100 gr macerated wet mycelium and spores was added to 1 L of distilled water. Ten mL of the inoculum was used for the inoculation of each experimental plant.
Inoculation techniques
For the inoculation of plants with M. incognita and/or M. phaseolina the soil around the roots of one-week-old healthy chickpea seedlings was removed without causing any injury to the root system. Ten mL of inoculum suspension of M. incognita and/or M. phaseolina was poured around the roots, which were immediately covered with soil. An equal volume of distilled water was added to control plants.
Experimental Design
The experiment was carried out during the winter season in a completely randomized block design with the following variables:
(1) Uninoculated control 
Measurement of plant growth parameters
The plants were harvested four months after emergence and washed gently under tap water to remove the adhering soil particles. Washed plants were labeled according to the treatments. Number of pods per plant and number of nodules per root system were counted visually. Plant height was measured with a measuring tape. Be-fore estimating the plant fresh weight with a physical balance, the excess of water was removed from the plants with blotting paper. For the determination of dry weight, the plants were air-dried in an oven at 60°C for 24 -48 h before weighing.
Leaf biochemical analysis
Nitrate Reductase Activity (NRA) in leaves was measured by the process of Jaworski (1971). The nitrogen (N) content of the shoot was determined by the method of Lindner (1944), whereas phosphorus (P) and potassium (K) contents were determined by the method of Fiske and Subbarow (1925) and fl ame photometer, respectively. Chlorophyll and carotenoid contents of leaves were determined by the method of Hiscox and Israelstam (1979) using dimethyl sulphoxide (DMSO).
Recording of gas exchange parameters of chickpea leaves
Gas exchange parameters, such as photosynthesis rate (Pn), transpiration rate (E) and stomatal conductance (Sc), were measured in fully expanded uppermost leaves of plants with an Infra-Red Gas Analyser (IRGA, CID-340, Photosynthesis System, Bio Science, USA). The measurements were carried out on a sunny day at 11 a.m-12 p.m.
Estimation of nematode reproduction in inoculated pots
Number of galls per root system was counted visually. For estimating the number of egg-masses per root system, the method of Daykin and Hussey (1985) was followed. In order to determine the nematode population in soil, 1 kg of soil from each sample was processed by Cobb's sieving and decanting method, followed by Baermann funnel extraction technique (Southey, 1986) . The reproductive potential of M. incognita in terms of reproduction factor (Rf) was calculated by dividing the fi nal nematode population in soil by the nematode population used for inoculating the plants (Windham and Williams, 1987) .
Observations on percent root-rot in inoculated plants
To estimate the disease severity in terms of percent root-rot caused by M. phaseolina in chickpea, roots of each plant were initially cut into 5 cm pieces. The pieces were mixed together, and 15 pieces were randomly selected from the mixture. Each root piece was observed visually, and the length of the rotted portion was measured. The percentage of root-rot was estimated by using the following formula:
Root rot index was determined according to four categories: 0 = none; 1 = less than 25%; 2 = 26-50%; 3 = 51-75%; 4 = 76 = 100% (Aoyagi et al., 1998) . Disease severity was calculated according to the following formula (Aoyagi et al., 1998) :
Statistical Analysis
All the data were subjected to analysis of variance (ANOVA). Least signifi cant diff erences (LSD) were calculated at P≤0.05 using R software, version 2.14.0. Duncan's Multiple Range Test (DMRT) was deployed to denote signifi cant diff erences between treatments.
Results
Eff ect of interaction on growth and yield parameters of chickpea
The highest growth parameters were observed in control plants. Both pathogens applied individually or in combination caused signifi cant reduction in plant growth parameters, such as plant height and fresh as well as dry weights, compared to the control (Table 1) . However, the highest reduction in plant growth was observed in plants inoculated simultaneously with the pathogens followed by those where nematode preceded the fungal inoculation by 15 days and those where the fungal preceded the nematode inoculation by 15 days. Mel-oidogyne incognita caused a higher reduction in plant growth as compared to that by M. phaseolina. Also, the statistical analysis of data showed that the reduction in all the growth parameters of plants inoculated simultaneously with the pathogens did not diff er signifi cantly from that of plants inoculated with M. incognita 15 days prior to M. phaseolina. Likewise, the highest reduction in the number of pods/plant was observed on plants treated with M. incognita + M. phaseolina and the lowest on plants inoculated with M. phaseolina alone (Table 1) . A similar trend of reduction was observed in the number of nodules/root system.
Eff ect of interaction on biochemicals and nutrients of chickpea leaves
All the treatments, either individual or combined, caused signifi cant reduction in the physiological and biochemical parameters of chickpea plants when compared to control plants. Biochemical and nutrients parameters, such as NRA, chlorophyll, carotenoids, N, P and K contents of the chickpea plants showed higher reductions in case of M. incognita + M. phaseolina inoculated plants compared to control plants. These reductions were not signifi cant statistically when compared to those on plants inoculated with M. incognita 15 days prior to M. phaseolina inoculation (Table 2) .
Eff ect of interaction on gaseous exchange rate of chickpea
The highest photosynthetic rate (Pn) was recorded in control plants while inoculation of plants with the pathogens, individually and in any combination, reduced photosynthetic rate signifi cantly (Table 3) . Maximum reduction in Pn was observed in plants treated with M. incognita + M. phaseolina followed by those where the nematode preceded the fungal inoculation by 15 days, those where the fungal preceded the nematode inoculation by 15 days, and those inoculated with M. incognita alone and M. phaseolina alone. Likewise, E and Sc exhibited the same trend of reduction as compared to control plants (Table 3) . M. phaseolina→M. incognita 1.675±0.023c 0.115±0.002c 6.655±0.007c 1.331±0.003c 220.686±0.019cd + = simultaneous inoculation of both pathogens, → = nematode or fungal inoculation preceded by 15 days the fungal or the nematode inoculation, respectively. *Values are means of fi ve replicates. Means in each column followed by same letter(s) do not diff er signifi cantly at P ≤ 0.05.
Eff ect of interaction on nematode and fungal multiplication related parameters on chickpea
The greatest Rf, number of galls and eggmasses/root system were recorded in plants inoculated with M. incognita alone (Table  4) (Table 4 ).
Discussion
It is evident from the present study that the highest and most signifi cant decrease in growth and yield parameters was observed in chickpea plants inoculated simultaneously with M. incognita and M. phaseolina, which shows a synergistic eff ect between the fungus and the nematode (Singh et al. 2010; Ganaie and Khan, 2011; Ahmed et al., 2014) . Simultaneous inoculation of plants with the pathogens signifi cantly damaged the roots and root hairs leading to low capacity of the plants to absorb water and nutrients from the soil. The lack of water and nutrients in the plants resulted in poor growth in terms of reduced plant height, fresh and dry weights (Ansari and Mahmood, 2017) . The reduction in growth and yield observed in plants inoculated with M. phaseolina 15 days prior to M. incognita was equal to that in nematode inoculated plants although the fungus had enough time to colonize the roots and make them less suitable for the penetration by the nematode (Meena et al., 2016) . It is also possible that the toxic metabolites produced by M. phaseolina may have destroyed the giant cells which are necessary for the nematode feeding and reproduction (Ogaraku, 2008; Ahmed et al., 2014) . The signifi cant damage to the root nodules observed in plants inoculated with the pathogens, either individually or simultaneously may be due to the heavy galling resulting from M. incognita infection, destruction of root tissue by the rotting caused by M. phaseolina and/or the inhibitory eff ects of M. incognita and M. phaseolina generated toxic metabolites on Rhizobium (Hussain and Siddiqui, 1991; 1992) . Plants with lower number of nodules were able to fi x lesser nitrogen into nitrate, depriving the plants with suitable substrate for the nitrate reductase enzyme. The decrease in NRA in inoculated plants indicates adverse eff ect of M. incognita and M. phaseolina on protein synthesis (Naik et al., 1982) . This decrease also resulted in reduced growth and yield of chickpea plants. Chlorophyll and nutrient (N, P and K) contents of plants also decreased with the highest reduction observed in plants inoculated simultaneously with the pathogens. Plants inoculated simultaneously with both pathogens showed extremely damaged roots with hampered translocation of water and nutrients from roots to the upper parts (Ansari and Mahmood, 2017) . Also, the rootknot nematode directs nutrient contents towards the infected giant cells for their own feeding and reproduction, thus depriving the upper parts of the plants from proper nutrient content levels (Sumbul and Mahmood, 2017) .
Gaseous exchange parameters, Pn, E and Sc, were highly reduced in M. incognita + M. phaseolina inoculated plants which may be due to severe infection of the roots resulting in hampered water absorption and nutrient translocation acropetally (Lorenzini et al., 1997; Saeed et al., 1999; Strajnar, 2012) . Ghazalbash and Abdollahi (2012) reported a decrease in gaseous exchange parameters in tomato plants infected simultaneously with Meloidogyne javanica and Fusarium oxysporum f. sp. lycopersici. The authors assumed that stomatal closure reduces the intercellular CO 2 concentration, which might be the cause behind the reduced net pho-tosynthesis.
The reduced number of galls and eggmasses per root system in the presence of M. phaseolina indicates that this fungus is deleterious for the multiplication of M. incognita. The detrimental eff ect of M. phaseolina on M. incognita multiplication may be due to the destruction of root tissues which become unable to support a large number of galls thus aff ecting M. incognita reproduction (Back et al., 2002; Al-Hazmi and Al-Nadri, 2015; Meena et al., 2016) . Decrease in feeding sites impaired nutrient supply to nematode (Hasan 1993; Fazal et al., 1998) . Moreover, the toxic substances produced by the fungus resulted in the destruction of the giant cells induced by the nematode, as well as in reduction in hatching and immobilization of J 2 (France and Abawi, 1994; Mokbel et al., 2007) . Plants inoculated with M. incognita 15 days prior to M. phaseolina produced higher number of egg-masses, galls and nematode population as compared to those inoculated simultaneously with both pathogens (Ogaraku, 2008) .
The lowest disease severity was recorded in plants inoculated with M. phaseolina alone. Our results are in conformity with those of Senthamarai (2006) , Ganaie and Khan (2011) and Ahmed et al. (2014) . The low disease severity indicates that M. phaseolina could not infect the host in the absence of the predisposing factor, i.e. M. incognita in this case (Siddiqui and Hussain, 1991; Lobna et al., 2016) . The highest rotting of chickpea roots was observed when plants were inoculated simultaneously with M. incognita and M. phaseolina. This may be because both pathogens had equal opportunities to infect the plants, but the presence of the nematode further enhanced the susceptibility of roots to fungal infection (Ganaie and Khan, 2011; Ahmed et al., 2014) .
The root-rot fungus has an inherent mechanism to get entry into the root and cause root-rot disease. However, in the case of root-rot disease complex, nematode plays a crucial role in assisting the fungus in its pathogenesis and enhancing host susceptibility (Khan, 1984) . Wounds caused by
